



4 WSPR MICROSCOPE RESOLUTION ANALYSIS 
4.1.1 INTRODUCTION 
Surface Plasmons (SPs) microscope systems are mostly built around the prism 
based Kretschmann configuration in which the generation of SPs electromagnetic 
wave is achieved by p-polarized light striking a metallised prism surface at a 
specific angle and then monitoring the intensity of the reflected light. Thus in 
these systems, an image of the material can be obtained in terms of an intensity 
map, in which the intensity of the image is dependent on the way in which the 
light couples into the SPs. The drawback of the standard Kretschmann based SPs 
systems are that the lateral resolution relies on the ability of plasmons to 
propagate along the metallised layer. The lateral resolution is thus limited to a few 
microns. Therefore the novel Widefield surface plasmon resonance (WSPR) 
microscope was developed, as a system not only capable of analysing molecular 
interactions at high vertical resolutions, but also capable of SPs imaging at much 
higher lateral resolution than prism based systems. 
Firstly, in order to test the lateral resolution of the WSPR system a method for 
depositing microstructures of biological or non-biological material on to the SPR 
substrate was required. There are various methods of protein deposition or protein 
patterning, one of which is the Ultra Violet (UV) radiation micropatterning 
technique. This requires the generation of a mask and positioning of that mask 
over a protein coated sample before UV ilTadiating the sample and thus removing 
the protein unprotected by the mask (Ward et aI., 2001). Similarly, there is also 
the plasma-induced chemical micropatterning method which also again uses UV 
radiation, but this time in a plasma polymerisation process. In this technique a 
substrate is placed under a mask in a plasma polymerisation chamber under high 
vacuum. The component patis of the desired coating material are then introduced 
into the plasma polymerisation chamber and irradiated with high energy UV light, 
thus generating a plasma that polymerises over the mask and substrate. Following 
this step the substrate can be removed from the plasma polymerisation chamber 
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and a pattern can be achieved by removal of the mask (Ohl and Schroder, 1999). 
Other micropatterning technique includes soft lithography (Kane et aI., 1999), for 
example micromolding in capillaries (MIMIC). This is a technique for fabricating 
three dimensional structures of proteins or solution on various substrates by 
allowing solution to flow into micron scale (down to 51im) micro-fluidic channels 
(Kane et aI., 1999). These channel are formed embossing partially set PDMS 
using templates generated by microlithography (Beh et aI., 1999).The embossed 
PDMS structures are then clamped against the substrate to be patterned so that 
protein containing solutions can be passed through the channels (Takayama et aI., 
1999). This method is very complicated and requires an excellent clamping 
mechanism in order to prevent flows of proteins solution over the entire substrate 
and often the PDMS stamps require chemical treatment such as plasma 
oxidisation so that the PDMS stamp acquires a hydrophilic contact surface. This 
method is also limited because it only enables patterning of linear structures down 
to 5 lim. 
There is another easier method available for patterning proteins on to surface 
known as the Micro Contact Printing (MCP) (Scholl et aI., 2000). This MCP 
technique employs the use of Polydimethylsiloxane (PDMS) stamps via a casting 
method allowing the silicone elastomer to set on micro fabricated templates. The 
PDMS stamps can then be used to functionalise various surfaces with numerous 
types of ECM proteins to form patterns of adhesive and non-adhesive proteins 
cues such as Fibronectin (Mahadi et aI., 2006c) or Laminin (Lauer et aI., 2001). 
This method has been used successfully by various other researchers mainly for 
the purpose of depositing adhesion topographical structures on to test substrates 
for various purposes (Matsuzawa et aI., 1996, Zhang et aI., 1999). 
This later method was adopted as in this study as the most appropriate technique 
for functionalising the delicate SPR substrate with proteins structures since the 
methods involve ease of fabrication, easy to make, use and vety cost effective. 
Previously in Chapter 3, the WSPR system was described and the imaging 
methodologies were also presented. This chapter aims to optimise the MCP 
method on the amount of protein transferred on to the micro-contact printed 
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surfaces and to test the lateral resolution of the WSPR system by imaging samples 
derivatised with spatially defined micro-patterns of biological molecules 
deposited on to the SPR substrate via the optimised MCP method. 
4.2 STAMPING TECHNIQUE OPTIMISATION 
4.3 MATERIALS AND METHODS 
4.3.1 CASTING OF PLAIN PDMS STAMPS 
Firstly, for this study it was not essential to use PDMS stamps patterned with 
micro topographys since this will be used in the second part of this chapter 
(testing the resolution of the WSPR), thus protein transfer from stamp to substrate 
was examined using plain un-patterned PDMS stamps, cast by allowing Sylgard 
elastomer gel to set on plain petri dishes. 
4.3.2 IMMUNOSTAINING FOR QUALITATIVE ANALYSIS 
The amount of protein transferred from the stamp to the stamped surface was 
determined by immunostaining after the MCP process. To enable this, stamps 
inked with laminin which was used to stamp glass substrates and the stamped 
surface were stained using a Laminin Immunostaining kit [SIGMA]. The laminin 
staining involved a number of steps. Firstly, two drops of Primary rabbit anti-
laminin [obtained from Laminin staining kit - SIGMA] was applied to one half of 
Laminin stamped area (the other half functions as the negative control). After 
incubation for one hour, the primary anti-laminin antibody was removed and the 
surface was rinsed three times in MilliQ water. Next, two drops of goat anti-rabbit 
secondary antibody [obtained from the Laminin staining kit - SIGMA] was 
applied for twenty minutes. The surface was then washed again three times. The 
surface was treated with two drops of Peroxidase conjugate for twenty minutes, 
and then rinsed three times. Finally, the surface treated with two drops of 
substrate reagent for ten minutes consisting of deionised water, acetate buffer, 
AEC chromogen and hydrogen peroxide [supplied in the laminin staining kit]. 
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After staining the stamped substrates and the stamps were washed and dried. After 
staining, the stained glass slides and the stamp were imaged and photographed 
using a light microscope and digital camera. 
4.3.3 PROTEIN STAMPING 
4.3.3.1 TEST 1 
Firstly, glass slides were cleaned by sonication with Decond:E90 [supplied by 
Decon Laboratories Limited], washed in running water for 10 minutes and then 3 
times in MiliQ water. Next, the 660 kDa molecular weight ECM protein laminin 
at a concentration of 50flg/ml dissolved in MilliQ water was used to ink the 
stamps for two minutes and the micro-contact printed the cleaned glass slides. 
Inked stamps were used to stamp two different glass slides such that after 
stamping the first glass slide, the stamp was removed and applied immediately on 
to the second glass slide. This experiment enabled an estimation of the amount of 
protein left on the stamp following the stamping of the first substrate. The 
laminin stamped area on both glass slides and the inked surface of the stamp were 
then stained using the laminin staining kit as previously described. 
4.3.3.2 TEST 2 
In Test 2, after drying the inked stamp as in Test 1, the stamp inked surface was 
then washed with MiliQ for 30 seconds and allowed to dry for one minute before 
stamping onto the glass slides. 
4.3.3.3 TEST 3 
The procedure was the same as in Test 2, but after washing the inked surface the 
stamp was allowed to dry for thirty minutes before stamping onto the glass slides. 
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4.3.3.4 TEST 4 
This test was quite different to the others, because as soon as the stamp was inked. 
the inked surface was washed without allowing it to dry. The stamp was then 
further dried for thirty minutes and then stamped onto the glass slides. 
4.4 WSPR MICROSCOPE RESOLUTION ANALYSIS 
4.5 MATERIALS AND METHODS 
4.5.1 TEMPLATE PREPARATION AND STAMP CASTING 
The glass master templates were pre-fabricated at the Department of Electronics 
and Electrical Engineering, University of Glasgow through reactive ion etching 
technique as described elsewhere (Britland et a!., 1996). 
Polydimethylsiloxane (PDMS) stamps were then produced at the University of 
Bradford from these templates by using 184 Sylgard elastomer gel [from BDH 
Laboratory Supplies]. Firstly, the templates were coated with 2% 
Dimethylchlorosilane mixed with 98% Trichloroethylene. This pre-coating of the 
templates decreased the risk of template fouling by the Sylgard. 
After coating with 2% Dimethylchlorosilane mixed with 98% Trichloroethylene, 
depending on template size approximately 30ml of Sylgard elastomer gel pre-
mixed with curing agent (ratio 9: 1) was poured onto the templates and allowed to 
cure overnight. 
After curing, the Sylgard gel was removed from the template enabling sylgard 
stamps exhibiting a negative relief of the template to be produced. To verify that 
faithful negative relief replicas of the templates were acquired the sizes of the 
features in the templates and the stamps were measured using (Scion Corporation, 
Maryland, USA) and compared. 
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Initially the templates were used to calibrate the imaging software, which then 
allowed the software to be used to measure the stamps. These stamps were then 
used to funetionalise gold-coated test substrates and various other surfaces with a 
range of different proteins including Laminin and Fibroneetin via MicroContact 
Printing (MCP). 
4.5.2 SPR SUBSTRATE PREPARATION 
4.5.2. I MCP METHOD 
(a) Clean the template Glass 
~Template 
1 Silicone 
(b) Casting the stam/ Elastomer Gel 
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(c) After PDNS setting 
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Figure 4-1: Diagrammatic illustration showing the stamp preparation technique, 
(a - c) and (d - j) representing the micro-contact printing process, d) inking the 
stamp, e) drying the stamp and j) stamping the jibronectin on tlIe substrate. 
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The MCP process was conducted in sterile conditions inside a laminar now hood. 
Glass cover slips coated with 50 nm gold / I nm chromium, were micro-contact 
printed with (220-240 kDa) Bovine Fibronectin [SIGMA] using the following 
method as shown in Figure 4-1: 3.811m repeat grating Sylgard stamps were inked 
by dipping in Fibronectin dissolved in water at a concentration of 0.1 mg/ml. The 
stamp was then removed from the fibronectin solution, air-dried for 30 seconds 
and stamped on to a gold coated glass coverslip for 20 seconds. A second 1.8 11m 
stamp was also inked in the same way, and stamped on to the substrate at 90° 
relative to the first print as shown in Figure 4-2 (A and B). 
This resulted in the substrates acquiring a grid fibronectin pattern. The substrates 
were then washed with MiliQ water, dried and imaged with the WSPR 
microscope as described in Chapter 3. The acquired SPR images were then 
analysed using Scion Image to determine the systems limits of resolution. 
Substrate 
Second print 
1.8 ~1ITl size 
Figure 4-2: Schematic diagram showing a) Fibronectin lines gratings printed 011 
the substrate with 3.8pm pattei'll and b) 1.8pm line pattei'll printed 90° relative to 
first prillt thus,jormillg the grid stmctures. 
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4.6 RESULTS AND DISCUSSION 
4.6.1 CA TING OF PLAIN PDMS STAMPS 
By referring to Figure 4-3, the image shows a plain 2 x 2 cm PDMS stamp which 
wa produced for thi s study. 
Figure 4-3: Photograph o/the plain PDMS stamp produced in this work (scale bar 
= l cm). 
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4.6.2 PROTEIN STAMPING 
4.6.2.1 TEST 1 
p c p c 
A B 
c 
Figure 4-4: Phase contrast images showing the Proxidase stained area on a) first 
glass slide, b) second glass slide and c) the actual stamp. Note - P = Peroxidase 




Figure 4-5: Photograph taken after completing Test 1 for both first and econd 
glass slides including the slamp (scale bar = 2 em). 






Figure 4-6: Phase contrast images showing the Proxidase stained area on a) first 
glass slide, b) second glass slide and c) the actual stamp. Note - P = Peroxidase 
stain and C = Control. 
I 
a 
Figure 4-7: Photograph taken after completing Test 2 for both first and econd 
glass slides including the stamp (scale bar = 2 cm). 
140 
4.6.2.3 TEST 3 
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Figure 4-8: Phase contrast images showing the Peroxidase stained area on a) first 
glass slide, b) second glass slide and c) the actllal stamp. Note - P = Perox idase 
stain and C = Control. 
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Figure 4-9: Photograph taken after completing Test 3 for both first and second 
glass slides including the stamp (scale bar = 2 em). 
4.6.2.4 TEST 4 
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Figure 4-10: Phase contrast images showing the Peroxidase stained area on a) 
first glass slide, b) second glass slide and c) the actllal stamp. Note - P = 
Peroxidase stain and C = Control. 
I 
Figure 4-11: Photograph taken after completing Test 4 for both first and second 
glass slides including the stamp (scale bar = 2 em). 
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4.6.3 PROTEIN STAMPING AND IMMUNOST AINING FOR QUALITATIVE 
ANALYSIS 
After completing the peroxidase immunostaining process for each inking 
technique, it was found that different inking technique resulted in qualitative 
differences in the transfer of laminin from the stamp to the surface. In technique 1 
it seemed that the laminin stamped area are quite distinct and that a large amount 
of proteins remained on the stamp itself (Figure 4-4 and 4-5). Stamps inked via 
technique 2 in which after inking stamps were washed in MiliQ, were found to 
allow protein to be transferred as readily as stamps inked by technique 1 (Figure 
4-6 and 4-7). However, if after inking the stamps were allowed to dry for thirty 
minutes (technique 3) laminin could only be stamped on to I slide. Stamping of a 
second slide resulted in little laminin transfer as evidenced by the slide showing 
no laminin staining. Interestingly, after the second stamping with stamps inked via 
technique 3, immunostaining of the stamp revealed that protein laminin was only 
present on part of the stamp surface. This could be because of the protein being 
tom from the surface while the stamp was being removed after the stamping of the 
first slide (Figure 4-8 and 4-9). The last inking technique (test 4), in which stamps 
were rinsed immediately after inking and then allowed to dry for thirty minutes 
before being used, resulted in very little protein being transferred on to the two 
glass slides by the stamping process. However, the stamp surface was readily 
stained by the laminin staining kit demonstrating that this technique allowed the 
proteins to attach well to the PDSM stamp (Figure 4-10 and 4-11). 
In summary, by conducting this study it is clear that stamp patterning using 
PDMS stamps does not allow 100% of the protein to be transferred on to the 
stamped surface. These results also indicate that technique 1 is most effective at 
transferring proteins from the stamp to the surface. However, these experiments 
also indicate that contaminations are possible should a PDMS stamp be used for 
stamping more than one protein onto a surface. This however, is a problem that 
could be eliminated by cleaning the PDMS stamps properly prior to using them to 
stamp pattern a second protein, or by using a set of stamps to pattern a specific 
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protein and a second set of stamps to pattern a second protein. This later option 
was adopted in this study. 
4.7 WSPR MICROSCOPE RESOLUTION ANALYSIS 






Figure 4-12: Brightfield images of wide repeat gratings stamps captured Ilia a 
phase contrast microscope with lIarious sizes such as a) 3.8 pm, b) 5 pm and c) 
12.5 pm stamp size (scale bar = 50 pili). 
Stamps consisting of repeat line gratings were successfu lly fabricated out of 
Sylgard using the microfabricated glass substrates as temp lates. Figure 4-12 
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shows some typical examples of the PDMS tamp produced. In all ca e 
measurement of the templates, stamp and stamp patterned protein fearur 
conftrmed that the tam ps were faithful negative replica of the templat s, in 




Figure 4-13: Brightfield images of 5 micron wide repeat gratings where A) The 
template, B) PDMS stamp, and C) Stamped patterned proteins (scale bar = 35 p.m). 
This is exemplified using the 5 /lm template. The features of the gla template 
had a mean width of 5.004 /lm (SE = ± 0.004 n = 10), and the generated PDMS 
stamps had features with mean width of 5.005 /lID (SE = ± 0.107, n = 10). The 
stamp pattern derived from the stamps al 0 had feature with mean width of 
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4.960 11m (SE = ± 0.054, n = 10). These results further va lidate that the stamp 
pattel11s made with the microcontact printing technique repre ent faithful 
replication of the pattel11 etched into the glass templates (Figure 4-13). 
4.8 SPRSUB TRATEPREPARATIONS 
4.8.1 MICRO-CONTACT PRINTING METHODS 
Figure 4-14: Fibronectin grid pattern acquired on the gold coated SPR substrate 
by the micro-contact printing technique using stamps consisting of 1.8 and 3. 811m 
repeat grating. Image was taken with DIe microscope prior to imaging with the 
WSPR system (Scale bar = 20l1m). 
DIC images were taken from stamp pattel11ed SPR substrate prior to imaging with 
the WSPR y tern (Figure 4-14), to demon trate that WSPR substrates were 
successfully micro contact printed with the 1.8 and 3.8 11m wide repeat fibronectin 
pattel11s. By close observation of the DIC image for the fi bronectin pattel11 , it is 
apparent that the pattel11s are almost perfect in some areas whi l t not 0 faithfu ll y 
repeated in others. Measurement comparing the dimensions of the stamp pattel11s 
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with the features of the tamp continued thi . However, the e poorly patterned 
regions were very useful in that some contained a combination of faithfully 
repeated pattern along ide ubmicron cale partial pattern . 
The tamp patterned SPR ub trate were then further inve tigated with the 
WSPR microscope by taking image from different well patterned and poorly 
patterned region of the fibronectin printed SPR ubstrates. The poorly patterned 
regions con isting of a mixture of faithfu lly repeated features and poorly formed 
patterns were of particu lar interest in that they allowed complete pattern to be 
used to ca le the ubmicron partial patterns (Figure 4-14). By doing thi it wa 
possib le to determine if the WSPR system wa in practice capable of re olving at 
the submicron resolutions indicated by the theory (Stabler et aI. , 2004) . 
4.8.2 THE WSPR MICROSCOPE LATERAL RESOLUTIO A AL YSJS 
A 
Figure 4-15: WSPR images produced from the fibronectin grid printed on 50 nm 
gold coated SPR substrates, where A) Original image highlighting the area being 
imposed, and B) the imposed image. The blue and yellow arrows represent the 1.B 
and 3. B pattern direction, respectively (Scale bar = 20 p m). 
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From thi image, the topography of tbe fibronectin tructure could be mterpretcd 
(Figure 4-15A). Tbe red boxed region of Figure 9A highlights an area which i 
reasonably well patterned and con isted of a mixrure of faithfully and Ie 
fa ithfully repeated stamp pattern features . In comparison the adjacent ar a where a 
thick layer of protein wa found that rna ked the grid tructure. Tbe enlarged 
(2X) red boxed area (Figure 4-15B) show very clearly the mi ed nature of the 
patterning. This area was further enlarged in order to e tablish the laleral 
resolution of the WSPR micro cope (Figure 4-16). 
Figure 4-16: The imposed WSPR images to highlight the areas cho enfor 
quantifying the lateral resolution where each number shown represent mea ured 
f eatures (scale bar = 10 pm). 
By refelring to Figure 4-16, there are three numbered fearure : I highlight the 
known 1.8 )lm structure. Tbi wa mea ured and u ed as a reference for the 
remaining hvo feature. Arrow 2 point to a line structure forming a component 
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part of a 1.8 pattern. This feature has a size of about one third of the 1.8 ~lm 
structure and similarly arrow 3 points to another finer line from the same 
structure. All three features were measured using the Scion Image. Upon 
measuring the three selected area the following values were acquired (Table 4-1). 
Feature Number Structure size (resolve value) 
1 1.77 11m 
2 590 nm 
3 260 nm 
Table 4-1: SholVs featllre nllmber against featllre dimensions as measured via 
SciOli Image. 
Before discussing the results, it is useful to recap the definition of resolution from 
Chapter 1, where resolution was defined as the ability to distinguish the distance 
between two points. From the values measured it is clear that the WSPR system is 
capable of resolving the features (Figure 4-16) at resolutions down to 260 nm. 
These values are in agreement with the theoretical lateral resolution for the WSPR 
system which was -0.5 11m (500nm). 
Pattern inconsistency was imaged and seen In a number of SPR substrates 
patterned with fibronectin (Figures 4-17 and 4-18). In both cases the poorly 
printed areas have been encircled by a red dotted line. These images suggest that 
there is a need for optimizing the MCP method to further establish this unique and 
inexpensive protein transferring technique. 
In the next chapter, the MCP method will be used to enable a series of 
protein/antibody/antigen binding shldy by using the WSPR microscope. 
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Figure 4-17: WSPR image ofthefibronectin stamped area where tile red dotted 
line highlights tile excess protein causing poor pattern (scale bar = 20 P.1Il). 
Figure 4-18: WSPR image ofthefibronectin stamped area wllere the red dotted 
line highlights tile acquired poor grids offibronectin (scale bar = 20 p.m). 
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